We have recently isolated tirandamycin (TAM) B from Streptomyces sp. 17944 as a Brugia malayi AsnRS (BmAsnRS) inhibitor that efficiently kills the adult B. malayi parasites and does not exhibit general cytotoxicity to human hepatic cells. We now report (i) the comparison of metabolite profiles of S. sp. 17944 in six different media, (ii) identification of a medium enabling the production of TAM B as essentially the sole metabolite, and with improved titer, and (iii) isolation and structural elucidation of three new TAM congeners. These findings shed new insights into the structure-activity relationship of TAM B as a BmAsnRS inhibitor, highlighting the d-hydroxymethyl-a,b-epoxyketone moiety as the critical pharmacophore, and should greatly facilitate the production and isolation of sufficient quantities of TAM B for further mechanistic and preclinical studies to advance the candidacy of TAM B as an antifilarial drug lead. The current study also serves as an excellent reminder that traditional medium and fermentation optimization should continue to be very effective in improving metabolite flux and titer.
INTRODUCTION
Lymphatic filariasis, also known as elephantiasis, is caused primarily by two related parasites, Brugia malayi and Wuchereria bancrofti, and represents a worldwide health crisis with over 200 million people infected and another 20% of the global population at risk of infection. 1 The asparaginyl-tRNA synthetase (AsnRS) in B. malayi is considered an excellent antifilarial target because (i) it is highly expressed in all stages of the parasite life cycle, (ii) it is biochemically and structurally well characterized and (iii) it shows significant structural differences in comparison with human and other eukaryotic aminoacyl-tRNA synthetases. [2] [3] [4] [5] As part of a drug-discovery program targeting B. malayi AsnRS (BmAsnRS), we recently completed a high-throughput screening campaign of B73 000 microextracts, from a collection of 36 720 microbial strains, for activity against the recombinant BmAsnRS. 5 Subsequent bioassay-guided dereplication of two of the active strains resulted in the discovery of two natural product scaffolds, represented by tirandamycin (TAM) B (1) from Streptomyces sp. 17944 6 and the depsipeptide WS9326D from Streptomyces sp. 9078, 7 as promising antifilarial drug leads that kill the adult B. malayi parasites at low nanomolar concentrations yet are not cytotoxic to human hepatic cells.
Under the original fermentation condition using the ISP-2 medium, 1 was produced as a minor metabolite of S. sp. 17944. Preliminary fermentation optimization improved 1 production, but still with TAM A (2) as the major metabolite together with TAM E (3), F (4) and G (5) as co-metabolites. 6 In this study, we sought out medium optimization to increase 1 titer and to produce 1 as the major metabolite to facilitate the production and isolation of sufficient quantities of 1 for further mechanistic and preclinical studies, in an effort to advance the candidacy of 1 as an antifilarial drug lead. Here we now report (i) the comparison of metabolite profiles of S. sp. 17944 in six different media, (ii) identification of a medium enabling the production of 1 as essentially the sole metabolite and with improved titer, and (iii) isolation and structural elucidation of three new TAM congeners, H (6), I (7) and J (8), shedding new insights into the structure-activity relationship of 1 as a BmAsnRS inhibitor and an antifilarial drug lead.
RESULTS
Cloning of tamI from and development of a genetic system for S. sp. 17944 Five TAM producers are known, including three Streptomyces species of terrestrial origin, Streptomyces tirandis, 8 Streptomyces flaveolus 9 and S. sp. 17944, 6 and two of marine origin, Streptomyces sp. 307-9 10 and Streptomyces sp. SCSIO 1666. 11 The TAM biosynthetic gene cluster has been cloned from S. sp. 307-9 (named as the tam cluster) 12 and S. sp. SCSIO 1666 (named as the trd cluster). 13 The deduced TAM biosynthetic machinery features the TAM hybrid polyketide synthase (PKS)-nonribosomal peptide synthase (NRPS) responsible for the TAM backbone and the TamI P-450 oxygenase responsible for most of the post-hybrid PKS-NRPS oxidative tailoring modification steps ( Figure 1 ). [12] [13] [14] [15] [16] We cloned the tamI gene from S. sp. 17944 by PCR with primers designed according to the tam cluster of S. sp. 307-9. 10 Although the tamI/trdI genes from the two marine Streptomyces species are identical, the tamI gene from S. sp. 17944 is highly homologous to its marine orthologs but with subtle variations (95% identity at DNA sequence/97% identity at amino-acid sequence), consistent with its terrestrial origin (Supplementary Figure S1 ).
S. sp. 17944 sporulates optimally on ISP-4 agar plates and grows well in TSB as a liquid culture. Among the common antibiotics used for genetic manipulation of natural product biosynthesis in Streptomyces, 17 S. sp. 17944 is sensitive to apramycin (25 mg ml À1 ), chloramphenicol (25 mg ml À1 ), gentamycin (50 mg ml À1 ), kanamycin (100 mg ml À1 ), neomycin (30 mg ml À1 ), spectinomycin (50 mg ml À1 ) and thiostrepton (12.5 mg ml À1 ) (given in parenthesis are concentrations that completely inhibit growth) and resistant to erythromycin (10 mg ml À1 ), nalidixic acid (25 mg ml À1 ) and trimethoprim (25 mg ml À1 ) (given in parenthesis are concentrations that have no apparent inhibitory effect on growth), respectively. Therefore, apramycin (25 mg ml À1 ) and nalidixic acid (25 mg ml À1 ) were used to select the exconjugants via Escherichia coli ET12567 (pUZ8002)-S. sp. 17944 conjugation, 17 using pSET152 18 and pKC1139 18 as representative Streptomyces integrating and replicating plasmids, respectively. Conjugation between E. coli ET12567 (pUZ8002) and S. sp. 17944 occurred with high frequencies on MS agar plates freshly supplemented with 10 mM MgCl 2 , 19 with exconjugant frequencies for pSET152 and pKC1139 at approximately 10 À5 and 10 À6 , respectively.
Medium optimization of S. sp. 17944 for TAM production S. sp. 17944 was grown in six media, with varying carbon and nitrogen sources, as well as metal ions, under the optimized fermentation conditions. The crude extracts were subjected to HPLC analysis to determine the TAM metabolite profiles, which varied significantly ( Figure 2 ). Although the ISP-2 medium yielded a mixture of TAMs, with 2 as the major TAM metabolite, a similarly metabolite profile was observed for medium B. In contrast, medium 042 produced 1, and both media 038 and F afforded 2 essentially as the sole TAM metabolite, respectively. Finally, medium SLY significantly suppressed the production of 1 and 2, and accumulated instead 3 and 5 as the major metabolites, two TAMs only produced in trace quantities in the original ISP-2 medium, as well as at least three new TAMs as minor metabolites ( Figure 2 ).
The titers of 1 in the six media were determined on the basis of HPLC analysis calibrated with an authentic 1 standard (Table 1) . Under the optimized fermentation conditions using medium 042, 1 can be produced essentially as the sole TAM metabolite with a titer at approximately 22 mg l À1 .
Isolation and structural elucidation of the new TAM congeners from S. sp 17944
The varying TAM profiles upon fermenting S. sp. 17944 in the six media provided an excellent opportunity to isolate new TAM congeners that would not be produced in the original ISP-2 medium ( Figure 2) . A large-scale fermentation of S. sp. 17944 in medium SLY (6 l), followed by multiple steps of SiO 2 , Sephadex LH-20 and preparative C-18 chromatography, afforded three new TAM congeners, 6 (8.7 mg), 7 (6.9 mg) and 8 (2.8 mg).
The molecular formula of 6 was deducted as C 22 Proposed TAM biosynthetic pathway in S. sp. 17944, featuring the TAM hybrid PKS-NRPS and the TamI P-450 oxygenase as the key oxidative tailoring enzyme, that accounts for the formation of all TAM congeners isolated to date. TAMs 1-8 were isolated from S. sp. 17944 wild-type, whereas TAMs 9-13 were from S. sp. 307-9 and S. sp. SCSIO 1666 wild-type or mutant strains. 1 H and 13 C data ( Table 2 ) of 6 with previously reported TAM congeners 6 indicated a close structural similarity among these compounds, which is further confirmed by the consistent appearance of the geminal protons of the tetramic acid methylene carbon and the olefinic and methyl signals of the dienoyl acyl chain ( Figure 3 ). Thus, COSY and HMBC correlations of 6 demonstrated a close identity to 3, which was isolated previously from S. sp. 17944. 6 The disappearance of the H 3 -18 signal with the concomitant appearance of oxymethylene moiety (d C 59.1, C-18 and d H 4.43 and 4.31, H 2 -18) ( Table 2) , which is also supported by the 16-mass unit difference from 6 and 3, suggests that 6 is likely a C-10 hydroxylated congener of 3. This new moiety was further confirmed by the gHMBC correlations of H 2 -18 with C-11 (d C 61.3), C-12 (d C 60.2) and C-13 (d C 96.7) ( Figure 3 ). As the absolute stereochemistry of 2 was known, 6,20 6, named as TAM H, was assigned the same stereochemistry as 2 on the basis of its biosynthetic origin ( Figure 1 (Table 1) was very similar to those of 3 6 with the exception of extra six resonances, which indicated an additional hexose moiety. The structure of the aglycone moiety was further confirmed to be 3 by key COSY and HMBC correlations ( Figure 3 ). The hexose moiety was established by a one-dimensional TOCSY experiment, verified to be a glucoside by gHSQC, gHMBC, gCOSY and TOCSY correlations, and further confirmed to be an a-glucoside by comparison with previously reported NMR data and analysis of the coupling constant for the anomeric proton H-1 00 (d c 5.51, d, J ¼ 2.4 Hz) ( Table 2) . 21, 22 The glucosidic linkage was established at position C-10 by the gHMBC correlation of the anomeric proton H-1 00 (d H 5.51) to C-10 (d C 71.3). This was further supported by the NOESY correlations between H-10 (d H 4.83) and H-1 00 (d H 5.51), which also showed correlations with H-3 00 (d H 4.47) and H-5 00 (d H 4.34), confirming the a-D-glucoside configuration (Figure 3 ). On the basis of these data, 7 was assigned as TAM I, a TAM E-10-a-D-glucoside with its absolute stereochemistry inferred from biosynthesis (Figure 1) .
The molecular formula C 30 H 37 NO 12 Table 2) with previously reported TAM congeners revealed a close identity to 1 with an additional hexose moiety. The latter was confirmed to be an a-glucoside by comparison with NMR data of the hexose moiety of 7 (Table 2) (Figure 1 ).
Evaluation of 6, 7 and 8 for BmAsnRS-inhibitory activity
The three new TAM congeners, 6, 7 and 8, were evaluated for their BmAsnRS-inhibitory activity following the previous procedure 6 with 1 as a positive control. None of the congeners showed any apparent inhibitory activity at 200 mM.
DISCUSSION
First isolated in the 1970s from S. tirandis 8 and S. flaveolus, 9 1 and 2 were originally discovered as bacterial RNA polymerase inhibitors. 23 It was not until very recently, 1 and 2 were rediscovered from the marine S. sp. 307-9 during the screen for activity against vancomycinresistant Enterococcus faecalis, 10 together with two new congeners, TAM C (9) and D (10), from marine S. sp. SCSIO 1666 11 in an effort to discover new bacterial RNA polymerase inhibitors, together with TAM C2 (11), and from S. sp. 17944 in our current program to discover BmAsnRS inhibitors as antifilarial drug leads, 6 together with the three congeners 3, 4 and 5, previously, and three additional congeners, 6, 7 and 8, in this study. During the characterization of the TAM biosynthetic machinery in S. sp. 307-9 12 and S. sp. SCSIO 1666 13, 15, 16 and in vitro characterization of the TamI P-450 oxygenase, 13 a biosynthetic intermediate, 12, was isolated, which unfortunately were given two different names concurrently, TAM F and TAM E. This nomenclature was further complicated by the fact that both TAM F and TAM E were concurrently taken for 3 and 4, respectively, from S. sp. 17944. 6 In an attempt to eliminate these confusion, we now propose to reserve TAM E and F for 3 and 4, respectively, and rename 12 as TAM C1 following the precedence of TAM C2 for 11. 15 Finally, in vivo characterization of trdE in S. sp. SCSIO 1666 and in vitro study of TrdE resulted in the identification of pre-TAM (13) as the nascent intermediate of the TAM hybrid PKS-NRPS. 16 Taken together, a total of 13 TAM congeners have been isolated from the five producers (Figure 1) . The cloning and sequencing of the TAM biosynthetic gene cluster from S. sp. 307-9 12 and S. sp. SCSIO 1666, 13, 15, 16 respectively, opened the possibility to manipulate the TAM biosynthetic machinery for TAM production. The TAM biosynthetic pathway features the TAM hybrid PKS-NRPS for the biosynthesis of 13, which is first dehydrated by TrdE to afford 9 and subsequently oxidized sequentially by TamI and TamL, via the intermediacy of 11/12, 10 and 2, to 1, and this pathway is supported by the isolation of all the proposed biosynthetic intermediates from S. sp. 307-9 and S. sp. SCSIO 1666 wild-type and mutant strains. [12] [13] [14] [15] [16] In a biosynthetic analogy to S. sp. 307-9 and S. sp. SCSIO 1666, the same pathway for TAM biosynthesis could be proposed in S. sp. 17944, with additional tailoring steps to account for the formation of 3-8 (Figure 1) . Thus, although the formation of 3, 4 and 5 from 2 could have resulted from adventitious reductase activities, hydroxylation of 3 to 6 would be consistent with the broad substrate specificity known for TamI. 14 The fact that 6 is not detected when 1 is the dominate metabolite and isolated only when 3 is produced in high yield further supports 3, rather than 1, as the likely precursor for 6 ( Figures 1 and 2) . Bioinformatics analysis of the tam and trd clusters from S. sp. 307-9 12 and S. sp. SCSIO 1666 14 has failed to unveil any candidate potentially conferring TAM self-resistance to the producing Streptomyces. Although no gene-encoding glucosyltransferase was identified within the cloned tam and trd cluster, it is tempting to speculate that glucosylation may represent one of the resistance mechanisms in S. sp. 17944 as exemplified by the isolation of 7 and 8. 22 Finally, TamI plays the fundamental role in catalyzing minimally three steps of oxidations in 1 biosynthesis, [12] [13] [14] and overexpression of tamI, thereby channeling all the biosynthetic intermediates to completion, therefore would represent an outstanding opportunity to engineer a 1 overproducer (Figure 1) . Strategies of overexpressing genes controlling rate-limiting steps to alter the metabolic flux or manipulating pathway regulation for titer improvement have been well demonstrated and successfully exploited for the production of targeted metabolites. [24] [25] [26] [27] Although our success in medium optimization and identification of conditions for S. sp 17944 to produce 1 exclusively with good titer neglects the need to consider genetic approaches to alter metabolic flux and improve metabolite titer, cloning of the tamI gene and development of an expedient genetic system for S. sp. 17944 in the current study certainly set the stage for such endeavor if they are justified by future needs.
The discovery of 1 as a novel BmAsnRS inhibitor, which efficiently kills the adult B. malayi parasites and does not exhibit general cytotoxicity to human hepatic cells, underscores the great potential of our innovative high-throughput screening, targeting BmAsnRS for antifilarial drug discovery. 6, 7 The microbial origin of these leads promises that they can be produced in sufficient quantities by scaleup fermentation and their biosynthetic machinery could be subjected to combinatorial biosynthetic strategies for titer improvement and structural diversity, greatly facilitating follow-up mechanistic and preclinical studies. 28 The current study also serves as an excellent reminder that traditional medium and fermentation optimization could remain very effective in improving metabolite flux and titer, as exemplified by the exclusive production of 1 in good titer upon fermenting S. sp. 17944 in the 042 medium. Medium optimization of S. sp. 17944 fermentation also enabled the production, thereby isolation and characterization, of three new TAM congeners, 6, 7 and 8. These new TAM congeners not only shed new insight into TAM biosynthesis and potential mechanisms of resistance but also further support to the structure-activity relationship of TAMs-(i) the d-hydroxymethyl-a,b-epoxyketone moiety is critical for the BmAsnRSinhibitory activity, as highlighted by 1, and (ii) reduction of carbonyl group at C-10, as in 6, or the glucosylation of the hydroxymethyl group at C-18, as in 8, completely abolishes the activity. 6 
METHODS
Cloning of tamI from and development of a genetic system for S. sp. 17944
The tamI gene was cloned by PCR from S. sp. 17944 using the primers, TamI-S, 5 0 -GTGCCCATGCTTCAGGATTCAGTCC-3 0 and TamI-A, 5 0 -CTAT GGGCGGTTCAGCCGCACCGGC-3 0 , designed according to the tamI locus of S. sp. 307-9. 10 A distinct product with the predicted size of 1242 bp was obtained, cloned into pGEM-T and sequenced to confirm its identity as tamI, which has been deposited in GenBank under the accession number KC820795. S. sp. 17944 was grown on ISP-4 17 agar plates for sporulation and in TSB 17 for liquid culture. S. sp. 17944 sensitivity to the selected antibiotics was determined on ISP-2 17 agar plates at two concentrations of apramycin (25/50 mg ml À1 ), chloramphenicol (25/50 mg ml À1 ), erythromycin (10/20 mg ml À1 ), gentamycin (50/100 mg ml À1 ), kanamycin (100/200 mg ml À1 ), nalidixic acid (25/50 mg ml À1 ), neomycin (30/69 mg ml À1 ), spectinomycin (50/100 mg ml À1 ), thiostrepton (12.5/25 mg ml À1 ) and trimethoprim (25/50 mg ml À1 ), respectively, according to literature procedure. 17 E. coli ET12567 (pUZ8002)-S. sp. 17944 conjugation, using pSET152 18 and pKC1139, 18 was carried out following the standard protocol, 17 and exconjugants were selected on MS plates, 17 freshly supplemented with 10 mM MgCl 2 , 19 with apramycin (25 mg ml À1 )/nalidixic acid (25 mg ml À1 ). Single colonies were then grown in TSB with apramycin (25 mg ml À1 ) and confirmed to carry pSET152 or pKC1139 by PCR amplification of the apramycin-resistance gene aac(3)IV using primers 5 0 -CCTTGGA GTTGTCTCTGACACAT-3 0 and 5 0 -GATGCAGGAAGATCAACGGATCT-3 0 . 17, 18 Medium optimization of S. sp. 17944 for TAM production S. sp. 17944 was preserved as spore solutions at À80 1C. To prepare the seed culture, a 18-ml tube, containing 5 ml of ISP-2, was inoculated with 10 ml of the spore solution and incubated with shaking (250 r.p.m.) at 28.0 1C for 3 days. To carry out medium optimization, 250-ml baffled Erlenmeyer flasks, each containing 50 ml of varying medium, were inoculated with 1 ml of the seed culture and grown at 28.0 1C for 7 days with shaking (250 r.p.m.). The six media were B, F, ISP-2, 038, 042 and SLY. 22, 26 B: soluble starch 5.0 g, glucose 20.0 g, peptone 2.0 g, yeast extract 2.0 g, soybean flour 10.0 g, NaCl 4.0 g, K 2 HPO 4 0.5 g, MgSO 4 .7H 2 O 0.5 g and CaCO 3 2 g in 1 l distilled water, pH 7.8.
F: sucrose 100 g, glucose 10.0 g, casamino acids 0.1 g, yeast extract 5.0 g, MOPS 21.0 g, *trace element 1 ml, K 2 SO 4 0.25 g and MgCl 2 .6H 2 O 10.0 g in 1 l distilled water, pH 7.0. 
